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Today
• 9.00-9.45: Introduction to NGS, How it works

• 10.00-10.30: Data basics - what does the data look like?

• 10.30-11.00: de novo assembly exercise

• 11.15-12.00: Alignment of reads

• 13.00-13.30: Introduction to exercise (variations, 
alignment processing, genotyping)

• 13.30-16.30: Afternoon exercise
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Reading the order 
of bases in DNA 

fragments

DNA sequencing



27803 - Biological Sequence Analysis

Why NGS?

Transforming how we are doing 
biological science (and bioinformatics)

by

allowing experiments that could not 
have been done before, and perform 

experiments much faster
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How ?

by producing massive amounts of sequence data, really fast 
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1st generation to NGS

cancer genome can be obtained, including all point mutations,
rearrangements and copy number changes. Mutations in the accom-
panying mitochondrial genomes of the cancer will also be collected.
With further adaptation this could be extended to include epigenetic
alterations and could be applied to the transcriptomes of cancers to
investigate the first phenotypic effects of all these changes. This cata-
loguewill include all the drivermutations andhence all the cancer genes
operating in that cancer, whether they are protein-coding genes, non-
coding RNA genes or more cryptic functional elements of the genome.
Indeed, if known or unknown DNA viruses have contributed to
oncogenesis thesewill alsobediscovered.The cataloguewill also include
all the passenger mutations that incorporate the signatures of previous
exposures, DNA repair defects and other mutational processes the
cancer has experienced over the decades during which it was evolving.

Until recently, this was an unattainable fantasy. However, the
arrival of second-generation sequencing technologies promises a
new era for cancer genomics. These platforms currently generate
billions of bases of DNA sequence per week, yields that are predicted
to increase rapidly over the next couple of years (Fig. 3). Several proof-
of-principle studies have recently been published applying these tech-
nologies to cancer samples. These have demonstrated that the current
generation of massively parallel sequencing platforms can identify the
full range of somatically acquired genetic alteration in cancer, includ-
ing point mutations on a genome-wide basis57, insertions and dele-
tions57, copy number changes56 and genomic rearrangements56, as well
as characterizing the cancer cell transcriptome40,41. Furthermore, these
approaches have the potential to identify subclonal genetic diversity
within the population of cancer cells58, with particular relevance to the
detection of subclones carrying drug-resistance mutations59. Indeed,
one high-coverage cancer genome sequence has recently been
reported57 and several others will emerge during the course of 2009.

Even with the remarkable technological advances in sequencing,
however, the parameters of experiments to catalogue all somatically
acquired variants in a cancer genome are sobering. To obtain a
complete catalogue of somatic mutations from an individual human
cancer may require 20-fold sequence coverage of the cancer genome,
and possibly more. Somatic mutations then have to be distinguished
from inherited DNA variants. Although most inherited variants that
are common in human populations (.5% allele frequency) have been
discovered and are registered in databases, there are myriad rare
inherited single nucleotide polymorphisms and structural variants that
are not. In most cancer genomes these rare germline variants far
outnumber the somatic mutations present. Therefore, for the foresee-
able future at least, a high-coverage sequence of the normal genome
from the same individual as the cancer will be an inescapable extra

burden to allow identification of the somatic changes. Thus, more
than 100,000,000,000 base pairs of DNA sequence will probably be
required to identify the catalogue of somatic mutations in a single
cancer genome.

Subsequently, it will be necessary to distinguish driver mutations
from passengers (see Box 1). The power to distinguish clusters of
driver mutations in cancer genes from chance clusters of randomly
distributed passenger mutations will depend on how frequently a
cancer gene is mutated and the prevalence of passenger mutations.
To be confident of identifying a cancer gene that is mutated in,5%
of a particular type of cancer will require hundreds of cases to be
sequenced. Each of the.100 cancer types will probably require similar
sample sizes.

Coordinating the sequencing of cancer genomes
There is, therefore, much work to be done over the next few years.
Ideally, it should be organized to maximize use of resources and
harmonize the product. This is the mission of the International
Cancer Genome Consortium (ICGC, see http://www.icgc.org/home).
Buildingon the success of previousmultinational, collaborative initia-
tives such as the Human Genome Project and the HapMap consor-
tium, the aim of ICGC is to comprehensively characterize somatically
acquired genetic events in at least fifty classes of cancer, including
those with the highest global incidence and mortality, requiring
high-coverage sequencing of 20,000 cancer genomes ormore. The full
catalogues of somatic mutation from each of these cancers will be
integrated with expression and epigenetic profiles of the same cases
and correlated with clinical features.

Projects under the ICGC imprimatur will adhere to predetermined
standards and procedures for ethical approval, data release,
intellectual property, sample quality, clinical annotation, data quality,
data storage and sequencing completion. Most importantly, given the
demanding nature of the task, the ICGC will coordinate studies to
minimize duplication of effort and enable the most parsimonious
deployment of resources.

The proposal to sequence large numbers of cancer genomes has
generated controversy reminiscent of the debate before sequencing
of the reference human genome almost 20 years ago. The experiments
will be expensive and, to some extent, we cannot predict what will be
found. However, the human genome is finite. Therefore, with further
technological advances in DNA sequencing that are already in sight,
this is a deliverable project that will comprehensively elucidate central
questions relating to the nature of human cancer. The clinical and
translational implications of such a body of work are profound.
Beyond the identification of further potentially druggable cancer
genes, a comprehensive catalogue of somatic mutations in carefully
characterized clinical samples will generate new insights into the
genetic patterns that underpin disease phenotype, prognosis, drug
response and chemotherapy resistance. As the costs of sequencing
whole cancer genomes drop towards US$1,000, routine sequencing
in a clinical, diagnostic setting will become feasible. Such data may
drive individualized therapeutic decision-making through the ability
to predict prognosis, to choose therapeutic regimens known to have
efficacy for the particular genetic subtype of cancer, to sensitively
monitor response to therapy and to identify rare subclones
harbouringdrug-resistancemutations before therapy is even initiated.
Individualized therapeutics will require individualized diagnostics.

The discussion is therefore not about whether to do the experiment,
butwhen and how. In amanner similar to theHumanGenomeProject
we have to coordinate the work internationally to maximize use of
resources and minimize duplication of effort to generate a resource
of high quality so that we only have to do it once, empowering cancer
research with a lasting legacy for the future.

Forward look
Approximately 100,000 somaticmutations fromcancer genomeshave
been reported in the quarter of a century since the first somatic
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Figure 3 | Improvements in the rate of DNA sequencing over the past 30
years and into the future. From slab gels to capillary sequencing and
second-generation sequencing technologies, there has been a more than a
million-fold improvement in the rate of sequence generation over this time
scale.
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cancer genome can be obtained, including all point mutations,
rearrangements and copy number changes. Mutations in the accom-
panying mitochondrial genomes of the cancer will also be collected.
With further adaptation this could be extended to include epigenetic
alterations and could be applied to the transcriptomes of cancers to
investigate the first phenotypic effects of all these changes. This cata-
loguewill include all the drivermutations andhence all the cancer genes
operating in that cancer, whether they are protein-coding genes, non-
coding RNA genes or more cryptic functional elements of the genome.
Indeed, if known or unknown DNA viruses have contributed to
oncogenesis thesewill alsobediscovered.The cataloguewill also include
all the passenger mutations that incorporate the signatures of previous
exposures, DNA repair defects and other mutational processes the
cancer has experienced over the decades during which it was evolving.

Until recently, this was an unattainable fantasy. However, the
arrival of second-generation sequencing technologies promises a
new era for cancer genomics. These platforms currently generate
billions of bases of DNA sequence per week, yields that are predicted
to increase rapidly over the next couple of years (Fig. 3). Several proof-
of-principle studies have recently been published applying these tech-
nologies to cancer samples. These have demonstrated that the current
generation of massively parallel sequencing platforms can identify the
full range of somatically acquired genetic alteration in cancer, includ-
ing point mutations on a genome-wide basis57, insertions and dele-
tions57, copy number changes56 and genomic rearrangements56, as well
as characterizing the cancer cell transcriptome40,41. Furthermore, these
approaches have the potential to identify subclonal genetic diversity
within the population of cancer cells58, with particular relevance to the
detection of subclones carrying drug-resistance mutations59. Indeed,
one high-coverage cancer genome sequence has recently been
reported57 and several others will emerge during the course of 2009.

Even with the remarkable technological advances in sequencing,
however, the parameters of experiments to catalogue all somatically
acquired variants in a cancer genome are sobering. To obtain a
complete catalogue of somatic mutations from an individual human
cancer may require 20-fold sequence coverage of the cancer genome,
and possibly more. Somatic mutations then have to be distinguished
from inherited DNA variants. Although most inherited variants that
are common in human populations (.5% allele frequency) have been
discovered and are registered in databases, there are myriad rare
inherited single nucleotide polymorphisms and structural variants that
are not. In most cancer genomes these rare germline variants far
outnumber the somatic mutations present. Therefore, for the foresee-
able future at least, a high-coverage sequence of the normal genome
from the same individual as the cancer will be an inescapable extra

burden to allow identification of the somatic changes. Thus, more
than 100,000,000,000 base pairs of DNA sequence will probably be
required to identify the catalogue of somatic mutations in a single
cancer genome.

Subsequently, it will be necessary to distinguish driver mutations
from passengers (see Box 1). The power to distinguish clusters of
driver mutations in cancer genes from chance clusters of randomly
distributed passenger mutations will depend on how frequently a
cancer gene is mutated and the prevalence of passenger mutations.
To be confident of identifying a cancer gene that is mutated in,5%
of a particular type of cancer will require hundreds of cases to be
sequenced. Each of the.100 cancer types will probably require similar
sample sizes.

Coordinating the sequencing of cancer genomes
There is, therefore, much work to be done over the next few years.
Ideally, it should be organized to maximize use of resources and
harmonize the product. This is the mission of the International
Cancer Genome Consortium (ICGC, see http://www.icgc.org/home).
Buildingon the success of previousmultinational, collaborative initia-
tives such as the Human Genome Project and the HapMap consor-
tium, the aim of ICGC is to comprehensively characterize somatically
acquired genetic events in at least fifty classes of cancer, including
those with the highest global incidence and mortality, requiring
high-coverage sequencing of 20,000 cancer genomes ormore. The full
catalogues of somatic mutation from each of these cancers will be
integrated with expression and epigenetic profiles of the same cases
and correlated with clinical features.

Projects under the ICGC imprimatur will adhere to predetermined
standards and procedures for ethical approval, data release,
intellectual property, sample quality, clinical annotation, data quality,
data storage and sequencing completion. Most importantly, given the
demanding nature of the task, the ICGC will coordinate studies to
minimize duplication of effort and enable the most parsimonious
deployment of resources.

The proposal to sequence large numbers of cancer genomes has
generated controversy reminiscent of the debate before sequencing
of the reference human genome almost 20 years ago. The experiments
will be expensive and, to some extent, we cannot predict what will be
found. However, the human genome is finite. Therefore, with further
technological advances in DNA sequencing that are already in sight,
this is a deliverable project that will comprehensively elucidate central
questions relating to the nature of human cancer. The clinical and
translational implications of such a body of work are profound.
Beyond the identification of further potentially druggable cancer
genes, a comprehensive catalogue of somatic mutations in carefully
characterized clinical samples will generate new insights into the
genetic patterns that underpin disease phenotype, prognosis, drug
response and chemotherapy resistance. As the costs of sequencing
whole cancer genomes drop towards US$1,000, routine sequencing
in a clinical, diagnostic setting will become feasible. Such data may
drive individualized therapeutic decision-making through the ability
to predict prognosis, to choose therapeutic regimens known to have
efficacy for the particular genetic subtype of cancer, to sensitively
monitor response to therapy and to identify rare subclones
harbouringdrug-resistancemutations before therapy is even initiated.
Individualized therapeutics will require individualized diagnostics.

The discussion is therefore not about whether to do the experiment,
butwhen and how. In amanner similar to theHumanGenomeProject
we have to coordinate the work internationally to maximize use of
resources and minimize duplication of effort to generate a resource
of high quality so that we only have to do it once, empowering cancer
research with a lasting legacy for the future.

Forward look
Approximately 100,000 somaticmutations fromcancer genomeshave
been reported in the quarter of a century since the first somatic
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Figure 3 | Improvements in the rate of DNA sequencing over the past 30
years and into the future. From slab gels to capillary sequencing and
second-generation sequencing technologies, there has been a more than a
million-fold improvement in the rate of sequence generation over this time
scale.
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cancer genome can be obtained, including all point mutations,
rearrangements and copy number changes. Mutations in the accom-
panying mitochondrial genomes of the cancer will also be collected.
With further adaptation this could be extended to include epigenetic
alterations and could be applied to the transcriptomes of cancers to
investigate the first phenotypic effects of all these changes. This cata-
loguewill include all the drivermutations andhence all the cancer genes
operating in that cancer, whether they are protein-coding genes, non-
coding RNA genes or more cryptic functional elements of the genome.
Indeed, if known or unknown DNA viruses have contributed to
oncogenesis thesewill alsobediscovered.The cataloguewill also include
all the passenger mutations that incorporate the signatures of previous
exposures, DNA repair defects and other mutational processes the
cancer has experienced over the decades during which it was evolving.

Until recently, this was an unattainable fantasy. However, the
arrival of second-generation sequencing technologies promises a
new era for cancer genomics. These platforms currently generate
billions of bases of DNA sequence per week, yields that are predicted
to increase rapidly over the next couple of years (Fig. 3). Several proof-
of-principle studies have recently been published applying these tech-
nologies to cancer samples. These have demonstrated that the current
generation of massively parallel sequencing platforms can identify the
full range of somatically acquired genetic alteration in cancer, includ-
ing point mutations on a genome-wide basis57, insertions and dele-
tions57, copy number changes56 and genomic rearrangements56, as well
as characterizing the cancer cell transcriptome40,41. Furthermore, these
approaches have the potential to identify subclonal genetic diversity
within the population of cancer cells58, with particular relevance to the
detection of subclones carrying drug-resistance mutations59. Indeed,
one high-coverage cancer genome sequence has recently been
reported57 and several others will emerge during the course of 2009.

Even with the remarkable technological advances in sequencing,
however, the parameters of experiments to catalogue all somatically
acquired variants in a cancer genome are sobering. To obtain a
complete catalogue of somatic mutations from an individual human
cancer may require 20-fold sequence coverage of the cancer genome,
and possibly more. Somatic mutations then have to be distinguished
from inherited DNA variants. Although most inherited variants that
are common in human populations (.5% allele frequency) have been
discovered and are registered in databases, there are myriad rare
inherited single nucleotide polymorphisms and structural variants that
are not. In most cancer genomes these rare germline variants far
outnumber the somatic mutations present. Therefore, for the foresee-
able future at least, a high-coverage sequence of the normal genome
from the same individual as the cancer will be an inescapable extra

burden to allow identification of the somatic changes. Thus, more
than 100,000,000,000 base pairs of DNA sequence will probably be
required to identify the catalogue of somatic mutations in a single
cancer genome.

Subsequently, it will be necessary to distinguish driver mutations
from passengers (see Box 1). The power to distinguish clusters of
driver mutations in cancer genes from chance clusters of randomly
distributed passenger mutations will depend on how frequently a
cancer gene is mutated and the prevalence of passenger mutations.
To be confident of identifying a cancer gene that is mutated in,5%
of a particular type of cancer will require hundreds of cases to be
sequenced. Each of the.100 cancer types will probably require similar
sample sizes.

Coordinating the sequencing of cancer genomes
There is, therefore, much work to be done over the next few years.
Ideally, it should be organized to maximize use of resources and
harmonize the product. This is the mission of the International
Cancer Genome Consortium (ICGC, see http://www.icgc.org/home).
Buildingon the success of previousmultinational, collaborative initia-
tives such as the Human Genome Project and the HapMap consor-
tium, the aim of ICGC is to comprehensively characterize somatically
acquired genetic events in at least fifty classes of cancer, including
those with the highest global incidence and mortality, requiring
high-coverage sequencing of 20,000 cancer genomes ormore. The full
catalogues of somatic mutation from each of these cancers will be
integrated with expression and epigenetic profiles of the same cases
and correlated with clinical features.

Projects under the ICGC imprimatur will adhere to predetermined
standards and procedures for ethical approval, data release,
intellectual property, sample quality, clinical annotation, data quality,
data storage and sequencing completion. Most importantly, given the
demanding nature of the task, the ICGC will coordinate studies to
minimize duplication of effort and enable the most parsimonious
deployment of resources.

The proposal to sequence large numbers of cancer genomes has
generated controversy reminiscent of the debate before sequencing
of the reference human genome almost 20 years ago. The experiments
will be expensive and, to some extent, we cannot predict what will be
found. However, the human genome is finite. Therefore, with further
technological advances in DNA sequencing that are already in sight,
this is a deliverable project that will comprehensively elucidate central
questions relating to the nature of human cancer. The clinical and
translational implications of such a body of work are profound.
Beyond the identification of further potentially druggable cancer
genes, a comprehensive catalogue of somatic mutations in carefully
characterized clinical samples will generate new insights into the
genetic patterns that underpin disease phenotype, prognosis, drug
response and chemotherapy resistance. As the costs of sequencing
whole cancer genomes drop towards US$1,000, routine sequencing
in a clinical, diagnostic setting will become feasible. Such data may
drive individualized therapeutic decision-making through the ability
to predict prognosis, to choose therapeutic regimens known to have
efficacy for the particular genetic subtype of cancer, to sensitively
monitor response to therapy and to identify rare subclones
harbouringdrug-resistancemutations before therapy is even initiated.
Individualized therapeutics will require individualized diagnostics.

The discussion is therefore not about whether to do the experiment,
butwhen and how. In amanner similar to theHumanGenomeProject
we have to coordinate the work internationally to maximize use of
resources and minimize duplication of effort to generate a resource
of high quality so that we only have to do it once, empowering cancer
research with a lasting legacy for the future.

Forward look
Approximately 100,000 somaticmutations fromcancer genomeshave
been reported in the quarter of a century since the first somatic
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Figure 3 | Improvements in the rate of DNA sequencing over the past 30
years and into the future. From slab gels to capillary sequencing and
second-generation sequencing technologies, there has been a more than a
million-fold improvement in the rate of sequence generation over this time
scale.

NATUREjVol 458j9 April 2009 REVIEWS

723
 Macmillan Publishers Limited. All rights reserved©2009

Stratton et al., Nature 2009

1977 - Sanger
Chain-termination 

method
Human genome

Illumina

454

Solid
Ion Torrent

Pacific 
Biosciences

Oxford
Nanopore



27803 - Biological Sequence Analysis

Read throughput
1977 

x 1 

1998 

x 384 

2006 

2007 

2008 

2011 

x very big number 

x even bigger number 

x gigantic number 

x big number 



27803 - Biological Sequence Analysis

Read throughput
1977 

x 1 

1998 

x 384 

2006 

2007 

2008 

2011 

x very big number 

x even bigger number 

x gigantic number 

x big number 

1 - 384



27803 - Biological Sequence Analysis

Read throughput
1977 

x 1 

1998 

x 384 

2006 

2007 

2008 

2011 

x very big number 

x even bigger number 

x gigantic number 

x big number 

1 - 384 105 - 109



27803 - Biological Sequence Analysis

Sequencing costs

Drop in costs is faster 
than Moore’s Law

(Computer power doubles 
every 2 years)
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Human sequencing
• First draft genome of human in 2001, final 2004

• Estimated costs $3 billion, time 13 years

• Today:

• Illumina: 1 week, 4000$

• Exome: 6 weeks*, $998

• Towards 1000$ genome?

* Real-time, not machine-time
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Storage and analysis

Highest cost is (almost) not the sequencing
but

storage and analysis

A standard human (30-40x) whole-
genome sequencing exp. would 

create 100 Gb of data



27803 - Biological Sequence Analysis

Storage and analysis

Highest cost is (almost) not the sequencing
but

storage and analysis

A standard human (30-40x) whole-
genome sequencing exp. would 

create 100 Gb of data
BGI, based in China, is the world’s largest genomics research 
institute, with 167 DNA sequencers producing the equivalent 
of 2-4,000 human genomes a day.



27803 - Biological Sequence Analysis

The X Genomes projects

• 1000 genomes project:

• Catalog of human genetic variation, including SNPs and 
structural variants, and their haplotype contexts

• Sequence 2500 unidentified people from about 25 
populations around the world

• 10.000 microbial genomes project, Earth Microbiome 
project, Cancer genome project, Plants and animals, ...



27803 - Biological Sequence Analysis

NGS & Bioinformatics

• Extreme data size causes problems

• Just transferring and storing the data

• Standard comparisons fail (N*N)

• Standard tools can not be used

• Think in fast and parallel programs
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What can we use it for?
• Whole genome re-sequencing

• Ancient genomes

• Metagenomics

• Cancer genomics

• Exome sequencing (targeted)

• RNA sequencing

• Chip-seq

• Genomic Epidemiology

• anything with DNA
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How it works?
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First generation: Sanger (dye)
• Fragment DNA

• Clone into plasmid and amplify

• Sequence using dNTP + labelled 
ddNTPs (stops reaction)

• Run capillary electrophoresis 
and “read” DNA code

• Low output, long reads 
(~300-1000 nt), high quality
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2nd generation
1. Create library molecule

2. Amplification (PCR)

3. Massive parallel sequencing
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2nd generation
1. Create library molecule

2. Amplification (PCR)

3. Massive parallel sequencing

DNA from extract

Fragment & polish DNA

Adapters

Library molecule
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2nd generation
1. Create library molecule

2. Amplification (PCR)

3. Massive parallel sequencing

Library
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Amplification and immobilization
Emulsion PCR (454, Solid, IonTorrent): Water, oil, beads, one DNA template/droplet

Bridge PCR (Illumina): 
One DNA template/cluster, 
primers on surface, 
grow by bridging primers

 Metzker, NatGen Rev. 2010
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Fluorescence detection

Nature Reviews | Genetics
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Figure 2 | Four-colour and one-colour cyclic reversible termination methods. a | The four-colour cyclic reversible 
termination (CRT) method uses Illumina/Solexa’s 3 -O-azidomethyl reversible terminator chemistry23,101 (BOX 1) using 
solid-phase-amplified template clusters (FIG. 1b, shown as single templates for illustrative purposes). Following 
imaging, a cleavage step removes the fluorescent dyes and regenerates the 3 -OH group using the reducing agent 
tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2 -deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe

An oligonucleotide sequence in 
which one interrogation base is 
associated with a particular  
dye (for example, A in the first 
position corresponds to a green 
dye). An example of a one-base 
degenerate probe set is 
‘1-probes’, which indicates  
that the first nucleotide is the 
interrogation base. The 
remaining bases consist of 
either degenerate (four possible 
bases) or universal bases.

Caenorhabditis elegans genome. From a single HeliScope 
run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
to join the dye-labelled probe to the primer. Non-ligated 
probes are washed away, followed by fluorescence 

REVIEWS

36 | JANUARY 2010 | VOLUME 11  www.nature.com/reviews/genetics

Illumina - Cyclic reversible termination

Add all dNTPs 
labelled w. diff dye

Create four-
color image

Cleave dye and 
repeat next cycle

454 - Pyrosequencing

Flow one dNTP 
across wells

Load template 
beads into wells

Polymerase 
incorporates 
nucleotide

Release of PPi 
leads to light

Imaging, next 
dNTP  Metzker, NatGen Rev. 2010
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2G: Imaging handout

Nature Reviews | Genetics
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Figure 2 | Four-colour and one-colour cyclic reversible termination methods. a | The four-colour cyclic reversible 
termination (CRT) method uses Illumina/Solexa’s 3 -O-azidomethyl reversible terminator chemistry23,101 (BOX 1) using 
solid-phase-amplified template clusters (FIG. 1b, shown as single templates for illustrative purposes). Following 
imaging, a cleavage step removes the fluorescent dyes and regenerates the 3 -OH group using the reducing agent 
tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2 -deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe

An oligonucleotide sequence in 
which one interrogation base is 
associated with a particular  
dye (for example, A in the first 
position corresponds to a green 
dye). An example of a one-base 
degenerate probe set is 
‘1-probes’, which indicates  
that the first nucleotide is the 
interrogation base. The 
remaining bases consist of 
either degenerate (four possible 
bases) or universal bases.

Caenorhabditis elegans genome. From a single HeliScope 
run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
to join the dye-labelled probe to the primer. Non-ligated 
probes are washed away, followed by fluorescence 
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27803 - Biological Sequence Analysis

2.5G: Ion Torrent

• Based on semiconductors, ie. no fluorescence

• Release of hydrogen when a nucl. is incorporated is 
measured by ph-meter

• Small machine, low price pr. run

IonTorrent video

http://www.youtube.com/watch?v=yVf2295JqUg
http://www.youtube.com/watch?v=yVf2295JqUg


27803 - Biological Sequence Analysis

3rd generation

Helicos Pacific Biosciences Oxford Nanopore

No amplification (PCR introduces bias!)

Simple sample preparation 

http://www.youtube.com/watch?v=NHCJ8PtYCFc
http://www.youtube.com/watch?v=NHCJ8PtYCFc
http://www.nanoporetech.com/news/movies%23movie-24-nanopore-dna-sequencing
http://www.nanoporetech.com/news/movies%23movie-24-nanopore-dna-sequencing
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